Thin wall welded titanium tubes require high quality and reliability, because they are used as an important element in power plant condensers or desalination plants. Direct current (DC) TIG welding power source was conventionally used for titanium tube making but the products did not satisfactorily meet the severe quality requirements. The investigation on application of high frequency pulsed current power source to titanium tube making was made and its results were successfully used in a mill production process. The main features of the high frequency pulsed arc welding confirmed in the application tests were as follows :
Synopsis
Thin wall welded titanium tubes require high quality and reliability, because they are used as an important element in power plant condensers or desalination plants. Direct current (DC) TIG welding power source was conventionally used for titanium tube making but the products did not satisfactorily meet the severe quality requirements. The investigation on application of high frequency pulsed current power source to titanium tube making was made and its results were successfully used in a mill production process. The main features of the high frequency pulsed arc welding confirmed in the application tests were as follows :
(1) High quality weld bead with superior surface smoothness was obtained.
(2) Tube making speed was improved because welding arc stability was maintained even at the speeds over 10 m/min.
I. Introduction
Thin wall welded titanium tubes are extensively used as heat transfer tubes in power plant condensers, desalination plants and other various chemical equipment. Since titanium tubes possess the excellent corrosion resistance against seawater, they are now regarded as an indispensable material for condenser of fossil and nuclear power plants located along sea coast. The production of welded titanium tubes was started at Moji Works, Kobe Steel, Ltd., in 1970 and, since then, has been developing the fabrication technology both in tube making and inspection processes to supply high quality titanium tubes.
In general, welded titanium tubes are produced in a conventional roll forming and TIG (tungsten inert ,gas) welding process. This process is usually employed for tube making of stainless steel. But there were some difficulties in applying it to production of titanium tubes due to the particularly severe quality requirements on its products as well as the special mechanical properties of titanium. That is, the weld bead should be superior both in a shape and surface smoothness, because welded titanium tubes are mostly used in as-welded condition without repairing by bead hammering or post-weld drawing. Titanium tubes which are installed in nuclear power plants must be free from any defect. In order to obtain the titanium tubes which satisfy all of the quality requirements, improvements of technology either on roll forming or welding process have been needed.
With regard to the roll forming technique, stable forming operation was achieved mainly by optimizing a roll flower design in consideration of high springback property of titanium. Welding technique has also direct effect on the weld bead integrity and productivity. So, evaluation of welding power sources was made and high frequency pulsed (HFP) arc welding was found to be much more advantageous than conventionally used direct current (DC) arc welding.
In this brief, the characteristics of HFP welding are reported showing the results of application tests performed.
II. Outline of Tube Making Process
The majority of welded titanium tubes for condensers and heat exchangers have the dimensions of l545 mm in outside diameter and O.5'-.'O.7 mm in wall thickness. Typical mechanical properties and chemical compositions of a titanium skelp for condenser tubes are shown in Table 1 with corresponding values of JIS (Japanese Industrial Standard) Specification.
Tube making equipment in Moji Works is illustrated in Fig. 1 . It is essencially similar to that widely used. Titanium skelp is formed by several forming rolls and continuously butt welded using a TIG welder. After welding, the tube is passed through sizing rolls and then automatically cut off in a prescribed length. In forming and sizing stages copper alloy rolls are partially used in order to avoid roll marks on tube surface. As titanium has the characteristics to be seized quite easily, tool steel rolls which are widely used for roll forming of other materials are disqualified for titanium tube making. Titanium also shows higher affinity for oxygen and nitrogen; therefore, welding area is shielded by high purity argon (485) gas to prevent oxidation or nitriding.
In the tube making line eddy current and ultrasonic flaw detectors are also installed. Defects on weld area such as bead undercut or microcracks are able to be detected in on-line operation and that contributes to improve the yield rate of products by quick response. Figure 2 shows an inspection process of welded titanium tubes. All tubes are rigorously inspected in a series of non-destructive tests such as eddy current, ultrasonic and pneumatic tests. Visual and dimensional inspections are also included in the process. Besides of these tests or inspections, various tests such as tensile, flaring, flattening and reverse-flattening tests are carried out according to JIS or ASTM Specification.
III. Features of High Frequency Pulsed Arc
Welding DC power source is generally used in TIG welding. Superimposed high frequency pulsed current is known to improve the penetration capacity of the TIG welding arc. This feature is attributable to the increase in arc pressure and the following beneficial effects are expected when HFP arc welding is applied to titanium tube making. 1) Improvement of tube making speed by high penetration capacity 2) Formation of stable weld bead due to high arc stiffness (even at high welding speed) 3) Inhibition of undercut and ripple on bead surface by stirring function of molten metal vibration Application tests of HFP welding were first made at Moji Works in 1975 using an experimental equipment, and its superiority was evaluated in comparison to DC welding.
Arc Pressure
Arc pressure of HFP welding was measured in the manner shown in Fig. 3 . Welding arc was generated between the electrode and a water cooled copper plate on which a hole with a diameter of 1 mm was installed. Arc pressure transmitted through the hole was determined by a H2O manometer. It was found in this test that arc pressure increases with pulse frequency but saturates at the frequencies over 7 kHz. The similar trends were also reported by Yamamoto et alit From these results, frequencies of 10-'15 kHz were thought to be appropriate for welding application. An example of pulsed current waveforms is shown in Photo. 1. This waveforms were obtained by the way that the pulsed current of 300 A was superimposed on the base direct current of 100 A. The effective arc current (average current), which is given by the summation of the base current and half of the pulsed current, is 250 A in this case. Figure 4 shows the effect of pulsed current on arc pressure which was studied keeping the average current constant. Arc pressure obviously increases as pulsed current component increases. It becomes over two times as high as that of DC welding (pulsed/ average current ratio=0) at the maximum. Though genuine pulsed current (pulsed/average current ratio= 1) gives the maximum arc pressure, superimposed pulsed current such as Photo. 1 is in general use. This kind of current has the merit to reduce the cost of power source while it keeps the advantage of high arc pressure. Figure 5 shows the relation between average current and arc pressure. These two values have a linear relation when the ratio of pulsed current to average one is kept constant.
2. Arc Stability DC welding arc tends to incline towards material traveling direction as seen in Photo. 2. This phenomenon comes out because the arc plasma is drawn by welded material and that becomes more obvious at higher welding speeds. In tube making process arc inclination causes the decrease in penetration or crawling of weld bead as a result of arc instability. HFP welding is more effective to overcome these problems. Results of application tests showed that HFP welding arc stays stable even at the speeds over 10 m/min. Photograph 3 represents the evidence of stability of the arcs at the welding speeds of 1, 4.5 and 8 m/min, respectively.
Quality of Weld Bead
Qualities of weld bead on titanium tubes are judged on the parameters such as cross-sectional shape, longitudinal stability, surface smoothness and so on. Of these parameters, the superiority of HFP welding was most distinctive in the surface smoothness. Photograph 4 shows the appearance of titanium tube welds which were produced using the conventional DC and HFP power sources at the welding speed of 5 m/min. Wave pattern and marks of solidification intersects are recognized on the DC weld bead. On the other hand, HFP weld bead has no evidence of such surface imperfections. Figure 6 shows the measurements of surface roughness along the circumferential direction of a tube. The results show that HFP welding markedly improves the surface smoothness of weld bead. 
Even in the case of DC welding better surface quality was obtained so long as welding was carried out at the speeds lower than about 2 m/min. But the magnitude of wave pattern became larger at higher welding speeds and there was a tendency that the pitch of the wave pattern lengthens with welding speed. Therefore, the wave pattern is attributable to the fluctuation of arc current obtained by rectifying a three-phase shop supply. HFP welding conquered the surface imperfections from which DC weld bead was suffered and enabled to improve the tube making speed from a viewpoint of bead quality as well as penetration capacity.
Other Features of HFP Welding
It has been found for HFP welding to have the following benefits other than above-mentioned features.
(1) Required arc current can be decreased by about 20 % compared to DC welding. This is caused by high efficiency penetration of HFP welding as a result of high arc pressure. For example, 120 and 100 A were the optimum arc current for DC and. HFP weldings, respectively, when 0.5 mm thick titanium tubes were produced at the speed of 3 m/min.
(2) As welding characteristics are less influenced by such process variables as a butting condition or a vertex angle of an electrode, the use of HFP welding reduced the scatter of bead width on inner surface. In addition, the reproducibility of welding operation was improved by the introduction of arc current stabilizer in the developed HFP welding power source. Figure 7 shows the variation of the arc current accompanied with changing an arc length. The arc current of the HFP power source keeps constant in the wide range of an arc length while that of the conventionally used DC power source varies depending on an arc length.
(3) I t has been empirically known that, in the case of DC welding, a vertex angle of electrode is required to be less than 30 deg so as to obtain sufficient arc concentration.
However, such a sharp vertex angle leads to severe wastage of a tungsten electrode tip and that raises a probability of dropping of tungsten tip during production. HFP welding enabled a vertex angle to increase without degradation in arc concentration and consequentially the tungsten drop was depressed. The vertex angles of 45 N 60 deg are recommended for HFP welding.
Iv. Effect of Process Variables in TIG Welding
To determine the optimum welding conditions for the HFP power source the effects of process variables were investigated in detail. The obtained results are as follows
J:i;ffect of Electrode Diameter
Electrodes within the range of 1.6 to 6.4 mm diameter were tested under the constant arc current of 200 A. Photograph 5 shows the appearance of stationary arcs for each electrode and Fig. 8 shows a Photo.
4. Surface appearance of titanium tube welds. relation between the electrode diameter and the arc pressure. It is obvious from Fig. 8 that the arc pressure is increased with the electrode diameter and remarkable change is observed between the electrode diameters of 2.4 and 3.2 mm. These results are corresponding to the arc configuration. According to Photo. 5, the plasma flow tends to come out from. smaller region of electrode tip as the electrode diameter is increased. Then, the arc pressure is probably increased at larger electrode diameters due to the increase in intensity of plasma flow. When the electrode diameter is smaller than 2.4 mm, the plasma flow occurs from higher position of the electrode in addition to the tip area and that would result in the remarkable reduction of the arc pressure. It is noticed that the obtained results are inconsistent with the general recognition such that the depth of penetration is increased with decrease in the electrode diameter. However, the results of Fig. 8 are phenomenally supported by the actual arc configuration as mentioned before. It is considered as a reason of the inconsistency that a electrode with a sharp vertex angle (45 deg) was used in this investigation. If an electrode with a flat or spherical tip is used, the arc pressure must be increased with decrease in the electrode diameter. But in the case of a sharp vertex angle, the different results are possibly obtained because the arc configuration was different from that in the case of larger vertex angle or flat and spherical electrode tip.
From above results, the use of a 3.2 mm diameter electrode is recommended when welding is carried out under the arc current of nearly 200 A. As shown later, the arc current of 200 A is equivalent to the appropriate value at which titanium tubes of 0.5 (0.7) mm wall thickness are satisfactorily welded at the speed of 5 (4) m/min.
Effects of Welding Variables on Bead Height
In tube making process there are plenty of process variables which would affect the bead quality. Primary tube making tests were performed under many kinds of welding conditions and effect of welding variables were statistically investigated. In this test the assessment was made in regard to the process factors listed in Table 2 . The bead quality was estimated by a bead height which is defined in Fig. 9 . The bead height is one of the most important quality control factors in tube production.
Results of statistical analysis are summarized in Table 3 . The forehand torch angle and the welding speed were found to be very significant factors and arc position which means the longitudinal distance between the electrode tip and the center of squeezing roll was also significant. Additionally, arc current x pulse frequency (C x F), torch angle x pulse frequency (A x F) and torch angle x vertex angle of electrode (A X G) were very significant. The description of C x F, for example, means a complex effect of two factors C and F. Based on above results, the effect of very significant factors were independently investigated in detail and the optimum welding conditions were determined.
Effect of Welding Speed
To obtain the weld bead with a constant width, 
heat input is necessarily changed in accordance with the welding speed. Figure 10 shows the relationship between the optimum arc current and welding speed that was investigated keeping the pulsed current constant.
These two values have essentially linear relation as seen in Fig. 10 . In practical production the arc current is delicately controlled according to the tube making speed or the thickness of a skelp. In addition, other process variables described above must be set with high accuracy using jigs or electric sensors.
If the HFP power source is used, it is essentially possible to make the titanium tubes with O.5-O.7 mm thickness at the welding speeds up to 7 8 m/ min. However, the tube making speed in practical production are under the control mainly on the occurrence of microcracks.z~ V. Typical Weld Defects and Preventive Method Photograph 6 is an example of microstructure of a sound welded titanium tube. In case of an usual titanium tube the base metal has equiaxed a structure and weld metal and heat affected zone are composed of serrated a structure. This structure is formed when the metal is heated to the temperatures over a--/I transformation point (885 °C) during welding. Despite the unusual structure, that is a very stable one and degradation in corrosion resistance as recognized at weld of stainless steel is not found. Figure 11 represents the hardness of the weld. The welded zone shows higher hardness than the base metal by about 20 % due to difference in microstructure or absorption of impurity gases such as oxygen and nitrogen from air.
Photograph 7 shows the typical defects which took place on the weld bead of titanium tubes. The origins and preventive method of each defect are shown below:
Tungsten Inclusion
Photograph 7(a) is a defect of the tungsten inclusion which was identified by X-ray penetration inspection. This defect originates from dropping of wasted 2. Microcracks Microcracks are the small defects which take place on the inner surface of weld bead (Photo. 7(b)). They tend to occur when the tube making speed and/ or the springback of a formed open tube are excessive. The mechanism of their occurrence is thought to be the separation of molten metal that is caused by loading of springback force on the molten metal.
To prevent the microcracks the extent of springback of the open tube is controlled so as to maintain within the criterion of microcracks occurrence. If they break out, they are detected by on-line ultrasonic testing. A hot forming process has been developed to prevent the microcracks and improve the tube making speed.2)
Blowhole
Photograph 7(c) shows a particularly large sized blowhole existed in weld metal of a titanium tube. Blowholes are formed by a mechanism that saturated impurity gas such as oxygen, nitrogen and hydrogen is held in weld metal during solidification. Impurities in shielding gas, foreign materials or dirt on skelp surface are considered as origins of excess impurity gas included in molten metal.
Blowholes can be successfully avoided by making the rigorous shielding during welding and by keeping skelp surface clean especially in the fabrication processes alter the final vacuum annealing of a titanium coil.
VI. Summary
Paying attention to the superiority of HFP welding, its application tests for titanium tube making were made. It was confirmed in these tests that HFP welding has the beneficial features particularly in improving the tube making speed as well as the quality of weld bead. HFP welding was also found to be effective to reduce the scatter of bead width and to depress the defect of tungsten inclusion as a result of utilizing the property of high arc stiffness or high arc concentration.
In Moji Works of Kobe Steel, Ltd. the application tests were started in 1975 and a high capacity HFP welding power source was newly developed and applied to the commercial production in 1977. Since then, the similar power sources have been successively introduced and they have been giving satisfactory results. In recent years, HFP welding are commonly employed in almost all titanium tube making lines installed in Japan. 
